Polymethoxy-flavonoids are naturally occurring compounds found abundantly in the juice and peel of citrus fruits such as Citrus nobilis, Citrus aurantium, Citrus hassaku and Citrus depressa HAYATA (Rutaceae). They include nobiletin (5,6,7,8,3Ј,4Ј-hexamethoxyflavone), tangeretin (5,6,7,8,4Ј-pentamethoxyflavone), sinensetin (5,6,7,3Ј,4Ј-pentamethoxyflavone) and natsudaidain (3-hydroxy-5,6,7,8,3Ј,4Ј-hexamethoxyflavone). [1] [2] [3] [4] [5] Studies have demonstrated that nobiletin possesses various biological properties such as anti-proliferative, 6, 7) anti-carcinogenic, [8] [9] [10] and anti-inflammatoric [11] [12] [13] along with potent cell differencing activity. 14-16) For example, nobiletin suppresses inflammation through the inhibition of cyclooxygenase (COX)-2, a causal enzyme for skin inflammation and decreases tumor invasion through the suppression of matrix metalloproteinase 9, a collagenase that hydrolyzes components of the cell matrix such as collagen and gelatin. It has also been reported that nobiletin inhibits the growth of tumor cells more potently than other polyhydroxyflavonoids including quercetin and taxifolin.
Polymethoxy-flavonoids are naturally occurring compounds found abundantly in the juice and peel of citrus fruits such as Citrus nobilis, Citrus aurantium, Citrus hassaku and Citrus depressa HAYATA (Rutaceae). They include nobiletin (5, 6, 7, 8 ,3Ј,4Ј-hexamethoxyflavone), tangeretin (5, 6, 7, 8 ,4Ј-pentamethoxyflavone), sinensetin (5,6,7,3Ј,4Ј-pentamethoxyflavone) and natsudaidain (3-hydroxy-5,6,7,8 ,3Ј,4Ј-hexamethoxyflavone). [1] [2] [3] [4] [5] Studies have demonstrated that nobiletin possesses various biological properties such as anti-proliferative, 6, 7) anti-carcinogenic, [8] [9] [10] and anti-inflammatoric [11] [12] [13] along with potent cell differencing activity. [14] [15] [16] For example, nobiletin suppresses inflammation through the inhibition of cyclooxygenase (COX)-2, a causal enzyme for skin inflammation and decreases tumor invasion through the suppression of matrix metalloproteinase 9, a collagenase that hydrolyzes components of the cell matrix such as collagen and gelatin. It has also been reported that nobiletin inhibits the growth of tumor cells more potently than other polyhydroxyflavonoids including quercetin and taxifolin. 7) It is thought that nobiletin can enter into cells more easily than polyhydroxy-flavonoids due to its high lipophilicity.
Cytochrome P450 (P450) is a key enzyme catalyzing the oxidative metabolism of a large number of exogenous and endogenous compounds 17) and is reported to be involved in the metabolism of flavonoids. 18) Nielsen et al. 18, 19) used liver microsomes of Aroclor 1254 (a commercial PCB preparation)-pretreated rats to show that the main metabolic pathway of polyhydroxy-flavonoids such as apigenin, naringenin and kaempferol is a hydroxylation in the ring A or B of flavone molecule. They also showed that the main pathways of tangeretin are demethylation in ring A or B and hydroxylation at 3Ј-position of ring B. 18, 19) Recent studies using recombinant human P450s have demonstrated that genistein, an isoflavone abundant in soy beans, is metabolized predominantly to 3Ј-OH-genistein by CYP1A1, CYP1A2, CYP1B1 and CYP2E1 and to two other metabolites by CYP3A4. 20) As well, the tangeretin metabolism has been shown to be catalyzed by CYP1A2, CYP3A4, CYP2D6 and CYP2C9. 21) On the other hand, there are not many reports on the biotransformation of nobiletin in animals. [22] [23] [24] [25] Yasuda et al. found a few demethylated metabolites in 24 h-urine of rats orally administered nobiletin and determined that a major metabolite is 4Ј-demethylated (4Ј-OH) nobiletin. 24) However, the mechanism which the biological activities mentioned above are exerted by a parent compound or its metabolites remains obscure. For a better understanding of this point, it is very important to compare the metabolic profile of nobiletin in various animals and to elucidate which P450s are involved in the metabolism of nobiletin. Therefore, we investigated the in vitro metabolism of nobiletin using liver microsomes of rats, hamsters and guinea pigs, and ten recombinant rat P450s. We also examined the inductive effects of prototype P450 inducers, phenobarbital (PB) and 3-methylcholanthrene (MC), on nobiletin metabolism. rus nobilis) as described previously.
MATERIALS AND METHODS

Chemicals
1) PB (Na salt) and MC were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Glucose-6-phosphate (G-6-P) and nicotinamide adenine dinucleotide phosphate (NADP ϩ ) were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). G-6-P dehydrogenase from Bakers' yeast was purchased from Sigma-Aldrich Co. (St. Louis, MO, U.S.A). All other chemicals used were of the highest purity commercially available.
Animals and Treatment Nine males and three females each of Wistar rats (body weight about 200 g, 5 weeks old), Hartley guinea pigs (body weight about 250 g, 4 weeks old) and Golden Syrian hamsters (body weight about 90 g, 7 weeks old) were used. The male animals were divided to untreated, PB-treated and MC-treated groups (nϭ3 each). PB and MC were dissolved in saline and corn oil and injected intraperitoneally (i.p.) at doses of 80 mg/kg/d for 3 d and 20 mg/kg/d for 3 d, respectively. Animals were killed 24 h after the last injection of each inducer. Preparation of animal liver microsomes was done as reported. 26) All procedures were conducted in accordance with "The Guide for the Care and Use of Laboratory Animals" of Nakamura Gakuen University.
Recombinant P450s Supersomes from baculovirus insect cells containing recombinant reductase and rat P450s, CYP1A1, CYP1A2, CYP2A1, CYP2B1, CYP2C11, CYP2C12, CYP2D1, CYP2E1, CYP3A1 and CYP3A2, were purchased from Gentest Corp. (Woburn, MA, U.S.A).
Microsomal Metabolism of Nobiletin 0.28 mM Nobiletin dissolved in 5 ml of dimethylsulfoxide, 6 mM MgCl 2 , 100 mM HEPES buffer (pH 7.4), NADPH-generating system (0.33 mM NADP ϩ , 5 mM G-6-P, 1 unit of G-6-P dehydrogenase) and 2 mg of microsomal protein in a final volume of 1 ml was used. Incubation was initiated by adding the NADPH-generating system and was run at 37°C for 20 min. After incubation, 3 ml of the ice-cold methanol was added to the incubation mixture to stop the reaction. Then the mixture was kept on ice for more than 30 min to denature the microsomal protein. After centrifugation at 1600ϫg for 10 min, an aliquot of the supernatant was isolated and injected to HPLC system. The HPLC conditions were: column, Hibar RT 250-4 (250ϫ4.5 mm i.d., 5 mm) attached directly with a guard column (LiChrospher 100 RP-18; 0.5ϫ4 mm i.d., 5 mm); mobile phase, methanol-0.01 M phosphoric acid (3 : 7, v/v); flow rate, 1.0 ml/min; detection wavelength, 340 nm. Assuming that each metabolite shows the same intensity of absorbance at 340 nm as nobiletin, the formation rates of metabolites were calculated using the calibration curve of nobiletin. To isolate and purify each metabolite, a 100 ml-incubation was performed using liver microsomes of PB-and MC-treated guinea pigs. After incubation, the incubation mixture was extracted three times with 300 ml of ethyl acetate. The pooled organic phase was evaporated to dryness, dissolved with methanol and applied to preparative HPLC. The HPLC conditions used were: column, YMC-ODS (250ϫ20 mm i.d., 5 mm) connected with a guard column (YMC-Guardpack ODS; 50ϫ20 mm i.d., 5 mm); mobile phase, methanol-0.01 M phosphoric acid (3 : 7, v/v); flow rate, 4.0 ml/min; detection wavelength, 340 nm.
Nobiletin Metabolism by Recombinant Rat P450 A 0.5 ml of incubation mixture containing rat P450 (20-85 pmol), 0.33 mM NADP ϩ , 5 mM G-6-P, 0.5 unit G-6-P dehydrogenase, 6 mM MgCl 2 and 0.28 mM nobiletin in 100 mM Tris-HCl (pH 7.4) was incubated at 37°C for 30 min in a 1.5-ml plastic tube. The incubation was started by the addition of the NADPH-generating system (NADP, G-6-P and G-6-P dehydrogenase) and stopped by the addition of 1.5 ml of ice colded-methanol. After centrifugation at 1600ϫg for 10 min, the supernatant was isolated and an aliquot of the supernatant injected to the HPLC system. The HPLC conditions were the same as described above.
Inhibition of Nobiletin Metabolism with Antisera against Hamster CYP1A2 Antiserum against hamster CYP1A2 was prepared as reported previously. 27, 28) Liver microsomes from hamsters were preincubated with antiserum against hamster CYP1A2 at 30°C for 30 min, respectively. The incubation was initiated by adding nobiletin and NADPH-generating system and was run for 30 min at 37°C. Analysis of metabolites was made by HPLC as described above.
Analytical Methods The 1 H-NMR spectra of nobiletin and its metabolites were obtained on a JEOL GSX-500 spectrometer (500 MHz). Samples were dissolved in chloroformd with tetramethylsilane as an internal standard. LC-MS was done using a JASCO Liquid Chromatograph Gulliver Series LCSS-905 equipped with a mass selective detector under the following conditions: column, a Wakosil ODS (150ϫ2 mm i.d., 5 mm); mobile phase, methanol-0.1% acetic acid (3 : 2, v/v) and; flow rate, 0.2 ml/min.
Other Methods Protein measurements were made by the method of Lowry et al. 29) using bovine serum albumin as a standard. Figure 1 shows HPLC chromatograms of nobiletin and its metabolites formed by liver microsomes from untreated, PB-treated and MC-treated rats. In untreated rats, three metabolites, M-1, M-2 and M-3, were found at retention times of 6.1, 5.3 and 4.8 min, respectively. Pretreatment of PB and MC resulted in the formation of two more metabolites, M-4 and M-5, with retention times of 4.1 and 3.7 min, respectively.
RESULTS
Species Differences in the Microsomal Metabolism of Nobiletin and Effects of P450 Inducers
In Table 1 , we compare the formation rates of nobiletin metabolites by liver microsomes of rats, hamsters and guinea pigs. Untreated rat liver microsomes formed M-2, M-1 and M-3 at a rate of 0.59, 0.37 and 0.24 nmol/min/mg protein, respectively. Similarly, untreated hamsters formed M-2 to a greater extent compared to the other four metabolites with activity that was three times higher than that in rats. Although M-4 and M-5 were also formed in untreated hamsters, both had values less than 30% of that of M-2. By contrast, untreated guinea pigs produced the five metabolites with much higher activity than did rats and hamsters. Of all metabolites, M-1 was the most abundant. The amounts of M-1 and M-2 were 4.6-fold and 1.6-fold, respectively, of those values in rats. The amounts of M-4 and M-5 were also 9.7-fold and 7.2-fold, respectively, of those values in hamsters. Table 1 shows the effects of P450 inducers on nobiletin metabolism. PB-treatment increased the formation of M-2 and M-3 to about 2.2-fold of that in untreated rats and to about 2.5-fold of that in untreated guinea pigs. In hamsters, PB-treatment increased only M-3 to 1.9-fold of untreated ones. MC-treatment resulted in a remarkable increase (6-to 8-fold of untreated) of M-1 and M-4 in rats and hamsters and an about 2-fold increase of both metabolites in guinea pigs. By contrast, the formation of M-2 and M-3 decreased in all species treated with MC. These results suggested that PB-inducible P450s such as CYP2B subfamily enzymes mainly catalyze the formation of M-2 and M-3, whereas MC-inducible P450s such as CYP1A subfamily enzymes are important in the formation of M-1 and M-4.
Sex Differences in the Microsomal Metabolism of Nobiletin As shown in Table 1 , sex differences in the nobiletin metabolism were observed in rats and hamsters. In female rats, the formation activity of M-2 and M-3 was significantly lower being 29% and 45%, respectively, of male rats. These results suggested that a male-specific P450, CYP2C11, would be responsible for the formation of both metabolites rather than a female-specific P450, CYP2C12. Additionally, female hamsters formed M-2 at a slower rate than did male ones. On the other hand, there was no sex difference in guinea pigs.
Time-Course Study in Nobiletin Metabolism in Rats For data regarding the metabolic pathways of nobiletin, we analyzed five metabolites formed during the incubation times indicated (Fig. 2) . The amounts of M-1, M-2 and M-3 increased linearly up to 10 min of incubation time. However, there was a lag in the appearance of M-4 and M-5. These results suggested that M-4 and M-5 were secondary oxidative metabolites. Along with the fact that M-1 and M-4 were increased by MC-microsomes, M-4 is suggested to be a secondary metabolite formed from M-1.
Chemical Structures of Metabolites To determine the chemical structures of the five metabolites, a large scale-incubation (100 ml) was performed using PB-and MC-treated guinea pig microsomes. The five metabolites were extracted with ethyl acetate and applied to LC-MS. In Table 2 , mass spectral data shows that three metabolites, M-1, M-2 and M-3, were determined as having the same molecular weight of 388 while both M-4 and M-5 had a molecular weight of 374; indicating that they were monohydroxy (OH)-and dihydroxy (diOH)-metabolites, respectively, which meant a loss of one and two methyl groups, respectively, from nobiletin. Table 2 also presents the 1 H-NMR data of nobiletin and its metabolites. By comparing their spectral data with those reported previously, 2, 3, 30) the six methoxy (MeO) group of nobiletin were assigned to 4.02 ppm (5-MeO), 3.95 ppm (6-MeO and 7-MeO) and 4.10 ppm (8-MeO), 3.97 ppm (3Ј-MeO) and 3.98 ppm (4Ј-MeO). The protons at the 3-, 2Ј-, 5Ј-and 6Ј-positions were observed at 6.62, 7.41, 6.99 and 7.57 ppm, respectively. The P450s, CYP1A1 and CYP1A2, are typical ones induced by MC-treatment, CYP1A1 is known to be expressed in the lung but not in the liver. 31) To clarify the contribution of CYP1A2 to nobiletin metabolism, antiserum against CYP1A2 was added to the incubation mixture including liver microsomes of MC-treated hamsters. As shown in Fig. 3 , the addition of the antiserum (200 ml) resulted in almost complete inhibition of the formation of M-1 and M-4 but not of M-2 and M-3 in MC-treated hamsters. These results confirmed that hamster CYP1A2 catalyzes the oxidative demethylation predominantly at the 3Ј-and 4Ј-positions of ring B.
Nobiletin Metabolism by Rat P450s Nobiletin metabolism by ten recombinant rat P450s (CYP1A1, CYP1A2, CYP2A1, CYP2B1, CYP2C11, CYP2C12, CYP2D1, CYP2E1, CYP3A1 and CYP3A2) was investigated. As shown in Fig. 4 , among these enzymes, CYP2C11 (a malespecific P450) was the most active and showed the highest activity for the formation of M-1 and M-2 (23-30 nmol/min/nmol P450) and a relatively high activity for M-3 formation (5 nmol/min/nmol P450). CYP2C12 (a femalespecific P450) produced only M-1 at a much slower rate than CYP2C11. CYP3A1 and CYP3A2 showed similar metabolic pattern to form three OH-metabolites (M-2, M-3 and M-1) at rates of 13-14, 3-5 and 0.5-2 nmol/min/nmol P450, respectively. CYP2D1 also produced three OH-metabolites with the order of M-3ϾM-2ϾM-1. On the other hand, MCinducible CYP1A1 and CYP1A2 formed M-1 at rates of 18 and 3 nmol/min/nmol P450, respectively. Only CYP1A1 also formed M-4 (3Ј,4Ј-diOH-metabolite), but none of ten P450s used here catalyzed the formation of M-5 (6,7-diOH-metabolite). CYP2A1, CYP2E1 and CYP2B1 (a PB-inducible P450) had no activity for nobiletin.
DISCUSSION
Several studies have reported that nobiletin possesses has various efficacies against cancer and can suppress inflammation and oxidative reactions. [8] [9] [10] [11] [12] [13] To fully evaluate such biological activities, the biotransformation of nobiletin is essential. In this study we first demonstrated that nobiletin is metabolized to three OH-metabolites and two diOH-metabolites by liver microsomes of rats, hamsters and guinea pigs. From LC-MS and 1 H-NMR data and time-course studies, the structures of M-1, M-2, M-3, M-4 and M-5 were assumed to be 4Ј-OH-, 7-OH-, 6-OH-, 3Ј,4Ј-diOH-and 6,7-diOH-metabolite, respectively. The metabolic pathways we postulated are shown in Fig. 5 . Nobiletin metabolism only proceeded via oxidative demethylation at 6-, 7-, 3Ј-and 4Ј-positions in all animals used in this study. Similarly, tangeretin is metabolized via 3Ј-hydroxylation and demethylation at the 4Ј-, 6-or 7-positions in rat liver. 18) These results indicated that P450 enzymes selectively attack the 6-, 7-, 3Ј-or 4Ј-positions of polymethoxy-flavonoids. Some recombinant human P450s such as CYP1A2, CYP2C9, CYP2D6 and CYP3A4 have been reported to be responsible for the metabolism of tangeretin to form to 4Ј-OH-, 3Ј,4Ј-diOH-, 7,4Ј-diOH-and 6,7-diOH-tangeretin, respectively. 20, 21) In this study, seven recombinant rat P450s (CYP2C11, CYP1A1, CYP3A1, CYP3A2, CYP2D1, CYP2C12 and CYP1A2) were active in nobiletin metabolism, but a major PB-inducible CYP2B1, CYP2A1 and CYP2E1 had no activity. Furthermore, we observed sex differences in liver microsomal metabolism of nobiletin in both rats and hamsters, but not in guinea pigs (Table 1) . Such a sex difference in rats could be explained by the catalytic activities of CYP2C11 and CYP2C12 for nobiletin. Considering these results, it was suggested that the P450 enzymes of the CYP1A, CYP2C, CYP2D and CYP3A subfamilies are the most important in the metabolism of polymethoxyflavonoids in mammals.
The guinea pig appears to be the most useful animal for the study of nobiletin metabolism because the order of total amounts of nobiletin metabolites in untreated animals was guinea pigsϾhamstersϾrats and also guinea pigs formed 4Ј-OH-, 3Ј,4Ј-diOH-and 6,7-diOH-metabolites (M-1, M-4 and M-5) at much higher rates than rats and hamsters. In guinea pig liver, CYP2B18 is known to be one of the important P450s because it is constitutive and PB-inducible [32] [33] [34] and it catalyzes the oxidative metabolism of various substrates such as polychlorinated biphenyls (PCBs), 32) benzphetamine, 33) strychinine 33) and tetrahydrocannabinol. 34) We observed here that 7-OH-and 6-OH-metabolites (M-2 and M-3) in guinea pigs as well as rats were increased by PB-treatment, suggesting that CYP2B18 is closely associated in the formation of both metabolites. On the other hand, the CYP3A subfamily enzymes are known to be involved in the metabolism of steroids and numerous xenobiotics, 17) to be highly conserved in mammals, 17) and to be induced by various compounds such as dexamethasone, 35) macrolide antibiotics 36) and PB.
37)
The observations in this study that PB accelerated the formation of 7-OH-and 6-OH-metabolites in rats and guinea pigs and of 6-OH-metabolite in hamsters might support the involvement of CYP3A enzymes. By contrast, the time-course study and the immunoinhibition study using antiserum against hamster CYP1A2 indicated that CYP1A1 and CYP1A2 were the most important P450s in the MC-treated animals used in this study. 4Ј-Demethylated (4Ј-OH)-nobiletin has been reported to be the main metabolite in the urine of rats 24) and mice 25) orally administered nobiletin. However, 4Ј-OH-nobiletin (M-1) was not the most abundant metabolite among the five metabolites formed by liver microsomes of untreated rats (Table 1) . Although the reason is unclear, 4Ј-OH-nobiletin might not be metabolized to diOH-metabolites more easily than the other OH-metabolites in untreated rats. Recently, the biotransformation of nobiletin to 4Ј-OH-metabolite by the fungi Aspergillus niger has been reported. 38) This may indicate that the contribution of intestinal microbial flora should be taken into consideration in the in vivo metabolism of nobiletin.
Generally, catechol compounds possessing two adjacent OH-groups in the benzene ring are further oxidized to reactive semiquinone, which may bring about the pharmacological or toxicological activities; for example, catechol-metabolites of plant ingredients such as flavonoids show much higher anti-oxidative activities than their parent compounds. 39, 40) On the other hand, 4-and 2-OH-estradiol-17b, the catechol-type metabolites of estradiol-17b are considered to play an important role in estrogen-induced carcinogenesis in hamsters, mice and humans. [41] [42] [43] As well, catechol metabolites of PCBs, worldwide environmental pollutants, produce oxidative DNA damage via enzymatic and non-enzymatic mechanisms. 44) Moreover, an catechol metabolite of 3,4-methylenedioxymethamphetamine, a drug commonly called ecstasy, might be responsible for neurotoxicity including a cognitive dysfunction in humans. 45) Minagawa et al. 10) has revealed, using various human gastric cancer cell lines such as TMK-1, MKN-45 and St-4, that nobiletin has direct cytotoxicity on TMK-1 cells; whereas it had no significant cytotoxic effect on MKN-45 and St-4 cells. These results might indicate the possibility that the activity in TMK-1 cells to form catechol-metabolites such as M-4 and M-5 is much higher than that in MKN-45 and St-4. Recently, 4Ј-OH-nobiletin was reported to suppress the SOS response to DNA damage induced by mutagens such as MeIQ, Trp-P-1 and furylfuramide. 38) Thus, whether nobiletin or its metabolites exerts the biological effects just described remains unclear. Further studies on the biological effects of the metabolites will be needed to better elucidate the pharmacological significance of nobiletin in animals.
In conclusion, we determined five metabolites of nobiletin formed by liver microsomes of rats, hamsters and guinea pigs and demonstrated that some constitutive P450s such as CYP2C11, CYP2C12, CYP2D1, CYP3A1 and CYP3A2 are responsible for demethylation at the 6-, 7-, 3Ј-and 4Ј-positions in rings A and B, whereas MC-inducible P450s, CYP1A1 and CYP1A2, preferentially catalyze demethylation at the 3Ј-and 4Ј-positions in ring B.
